Objectives-The present study was conducted to quantitatively evaluate the influence of urinary stone composition and size on color Doppler twinkling artifact.
T he twinkling artifact associated with color Doppler sonography was described by Rahmouni et al 1 for the first time as a rapidly changing mixture of red and blue signals behind a strongly reflective structure. Since its initial description, twinkling artifact has been reported primarily in association with urinary stones. Recent publications have strongly suggested that twinkling artifact is of great potential in the clinical management of urolithiasis. Some of the clinical benefits of twinkling artifact are faster and more confident diagnosis of urinary stones, 2 detection of stones with indistinct echo difference and indiscrete posterior acoustic shadowing, 3 detection of small stones that are only visible in computed tomography images, 4 and prediction of the breakability of the stones treated by extracorporeal shock wave lithotripsy. 5 Both in vitro and in vivo studies have been attempted to investigate the factors that influence the appearance of twinkling artifact. Although the present knowledge is still limited, these factors could be attributed to four aspects: (1) the characteristics of the object being imaged, such as roughness of the surface, 1 size, 5, 6 chemical composition, 5, 7 and architecture 8 ; (2) the parameters related to machine settings 9, 10 ; (3) the Doppler angle 11 ; and (4) perhaps the type or generation of the Doppler system. 12 However, only a handful of studies have evidenced a relationship between the appearance of twinkling artifact and stone chemical composition and size. Moreover, no consensus on these study results was achieved. Yet, for most of the studies mentioned here, natural stones that are heterogeneous in surface morphology, composition, size, and internal structure were used, making it difficult to systematically analyze stone physiochemical properties contributing to the appearance of twinkling artifact.
To exclude all of the possible interference factors, artificial stones of different compositions and sizes were used in this study. The aim of this study was to quantitatively evaluate the influence of urinary stone composition and size on twinkling artifact, with an ultimate goal of improving the understanding of the factors that influence the appearance of twinkling artifact, as a step toward making twinkling artifact a useful tool in the clinical practice.
Materials and Methods

Artificial Urinary Stone Phantom Preparation
Four types of crystal powder (calcium oxalate monohydrate [COM], apatite, L-cystine, uric acid [UA]) (Sinopharm Chemical Reagent Co Ltd, Shanghai, China) were obtained. Thirty-five grams of each powder were individually mixed with 20 g of 75% egg white aqueous solution at room temperature. Each of these mixtures was completely dried for 24 h at 30 C in a drying oven and ground into powders. The powders were then prepared into 4 types of cylinder urinary stone phantoms (one type per crystal powder) using a tablet press according to standard pharmaceutical preparation protocols. Urinary stones measuring approximately 5.0 to 10.0 mm in diameter are small but clinically significant, and easy to be missed by gray-scale ultrasonography. So, for each type of crystal powder, we prepared stone phantoms of 10 different standard diameters: 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, 9.0, and 9.5 mm. These diameters represented the maximal diameters of the stones clinically. Five stone phantoms were prepared for artificial stones with the same type and diameter. In total, 200 stone phantoms were prepared ( Table 1 ). The surfaces of the stone phantoms were smooth and the thickness were same (approximately 4.0 mm) in each case. All of the artificial stones were assessed by a tablet hardness tester to ensure their physical properties.
Porcine Kidney Phantom Preparation
A total of 2000 ml of 10% gelatin solution was prepared and poured into a plastic container (24 3 15 3 10 cm). The gelatin solution was cooled in a refrigerator until it was firmly solidified. Porcine kidneys with similar size, shape, and weight were obtained from a local supermarket. A small incision was made on the upper pole of each kidney from the surface to the sinus. A stone phantom was put into the kidney sinus through the incision, making the central axis of the stone phantom vertical to the long-axis plane of the kidney. The kidney was placed and fixed on the gelatin. These procedures were repeated for the 200 stone phantoms.
Ultrasound Scanning and Image Processing
Ultrasound scanning was performed on a Philips iU22 ultrasonography machine (Philips Medical Systems, Bothell, WA) with an L12-5 linear array probe. The probe was fixed with a ring clamp. The probe was vertical to the long-axis plane of the kidney and rightly coupled with its upper surface. The axial section of the stone phantom was in the middle of the probe ( Figure  1 ). The focal depth was set at 2.5 cm and the focus was put just below the stone phantom. The color gain was set on 80%, which is just below the threshold for color noise. The color-write priority, wall filter, and pulse repetition frequency were set at the highest level. The sampling box was adjusted to 1.5 3 1.0 cm in the fundamental imaging mode. All of these parameters were set to optimize the display of twinkling artifact. 13 When twinkling artifact was continuously showed, the color Doppler pictures were recorded for each stone phantom. The length of the twinkling artifact (TAL) and width of twinkling artifact (TAW) were measured ( Figure 2A ). The color pictures associated with TA were processed by Adobe Photoshop CS5 (Adobe Systems Inc, San Jose, CA) to delete the background gray-scale pixels ( Figure 2B and C) . The color pixels representing the intensity of twinkling artifact (TAI) were calculated by ImageJ 1.47v ( Figure 2D ). 10 All images were evaluated by two experienced ultrasonographers with decisions made by consensus. The preparation of artificial stone Procedures of ultrasound image processing and analyses. A color picture (A) was processed by Photoshop to delete the background gray-scale pixels with the tolerance setting at 80 and mask the background with black color (B, C). Then it was uploaded into ImageJ. The region of interest was placed around the twinkling artifact. The total pixels (count number) and the black pixels (mode number) were determined. The color pixels, which presented the intensity of twinkling artifact, were the difference between the total and the black pixels (D).
phantoms, the ultrasound scanning, and the image processing were conducted by different persons separately to ensure that this study was blinded.
Statistical Analyses
Statistical analyses were performed using SPSS 17.0 software package (SPSS Inc, Chicago, IL). The numerical variable was reported as the mean value and standard deviation ðx6sÞ. Single factor analysis of variance tests were performed on data of TAI, TAL, and TAW to determine whether there was a significant difference among the four types of stone phantoms. StudentNewman-Keuls tests were conducted to determine whether there was a significant difference between any two types. Pearson correlations were used to examine the relationship between the appearance of twinkling artifact and stone size. A P value of less than .05 was considered statistically significant. 
Results
All of the stone phantoms generated continuous and perceptible twinkling artifact in this study, regardless of their compositions or sizes (Figure 3 ). There were significant differences in the appearance of twinkling artifact among the four types of stone phantoms (P TAI < 0.05, P TAL < 0.05, P TAW < 0.05) ( Table  2 ). The Student-Newman-Keuls test showed that any two types of stone phantoms could be differentiated by TAI and TAL. The TAW of COM and apatite stones were not significantly different.
There were no overlaps between 95% confidence intervals (CI) of TAI and TAL for any two types of stone phantoms (Figure 4, A and B) , although the 95% CI of TAW of COM and apatite stones were overlapped ( Figure 4C ). The mean value of TAI of UA stones was the strongest, followed by L-cystine, apatite, and COM ( Figure 4A and Table 2 ).
When analyzing the influence of stone size on twinkling artifact, we found that TAI, TAL, and TAW were significantly correlated with stone diameter (r TAI 5 0.801, P TAI < 0.05; r TAL 5 0.838, P TAL < 0.05; r TAW 5 0.584, P TAW < 0.05, respectively). TAI, TAL, and TAW significantly increased when the stone diameter increased. Furthermore, a significantly positive correlation among TAI, TAL, TAW and stone diameter was observed for all four types of stone phantoms ( Figure 5 and Table 3 ).
Discussion
Since its initial description, color Doppler twinkling artifact has proven to be a useful imaging tool, 14 particularly in ultrasound scanning for suspected urinary stones. [15] [16] [17] Improving the understanding of the factors that influence the appearance of twinkling artifact would help the radiologists to properly use it in clinical practice. However, because the influential factors of this characteristic phenomenon are still not fully understood, this gives cause to further investigate these factors. The influence of the urinary stone composition and size on color Doppler twinkling artifact were approved in this study.
Although several studies were conducted to investigate the relationship between stone composition and the appearance of twinkling artifact, different observations have been reported (Table 4) . Chelfouth et al 7 declared that absence of twinkling artifact was noted only for COM and UA stones in an in vitro study, whereas in other in vitro studies by Lee et al 3 and Louvet, 6 twinkling artifact was detected regardless of the composition of stones. In an in vivo study by Alan et al, 5 twinkling artifact was detected in nearly all of the calcium oxalate dihydrate (COD) and calcium phosphate stones, and in more than half of the COM and UA stones. Hassani et al 18 analyzed 120 stones in an in vitro setting. They found that twinkling artifact could differentiate between COM and COD stones, but not between calcium and noncalcium stones, calcium oxalate and calcium phosphate stones, or UA and cystine stones. There are several possible explanations for the disagreements about these existing observations. First, all of the researchers mentioned previously used natural urinary stones, which had different surface morphology, different sizes, or even different sources (from people or animal). Second, they all referred to the method of twinkling artifact grading introduced by Chelfouth et al 7 and only studied the presence or absence of twinkling artifact. Although the amount of twinkling was not considered, the twinkling artifact grading method was not accurate enough to recognize some tiny differences. For example, the twinkling artifact generated by COM and apatite stones shown in Figure 3 would be considered as the same grade (Grade 1) on the basis of grading, and the conclusion derived might be quite different. Third, the types of Doppler systems and machine parameters, which were believed to be closely linked with the appearance of twinkling artifact, 9, 12 varied in these studies. To deal with these issues, chemical composition was the only variable among all artificial stones in this Figure 5 . Correlation between the TAI and stone diameter for the four types of stone phantoms. study. The artificial stones were made according to Heimbach et al. 19 Compared with natural urinary stones of the same composition, these artificial stones would be expected to have similar trends as their acoustic properties. Moreover, in this study, the intensity of twinkling artifact was assessed through calculating the color pixels rather than grading. To our knowledge, this is the first study about the quantitative evaluation of the relationship between twinkling artifact and chemical composition by using artificial stone phantoms. As our study demonstrates, there re significant differences in the appearance of twinkling artifact among the four types of stone phantoms (P TAI < 0.05, P TAL < 0.05, P TAW < 0.05). No overlaps were observed between 95% CI of TAI for any two types of stone phantoms. We could clearly show the trend of TAI: UA stones were the strongest, followed by L-cystine, apatite, and COM. Our results suggest that stone composition greatly influences the appearance of twinkling artifact. The possible reasons are not clear. Recent work by Lu et al 20 proposed that twinkling artifact is caused by small bubbles that are trapped and stabilized in cracks and crevices on the stone's surface. As surface wetting is sensitive to the stone's composition, one could consider that surfaces of UA stones are less wetting-sensitive than COM stones, so UA stones could harbor more bubbles on the surface and display much stronger twinkling artifact appearance. In addition, although the preparation methods were same, the internal structures of the four types of stone phantoms may be different from each other. This might also contribute to the differences of twinkling artifact appearance. 8 As our study demonstrates, there is a significantly positive correlation between the appearance of twinkling artifact and stone size (r TAI 5 0.801, P TAI < 0.05; r TAL 5 0.838, P TAL < 0.05; r TAW 5 0.584, P TAW < 0.05, respectively). This is consistent with the previous studies. 5, 6 To our knowledge, it is still not clear how stone size influences the appearance of twinkling artifact. Behnam et al, 21 who stated that acoustic radiation force is a primary source, whereas the size of the object being imaged serves indirectly in the production of twinkling artifact, suggested that the increase in the size of the object and adjacency of the object to the focal point causes the beams to be located more in the focal zone of the probe and therefore will lead to the production of the twinkling artifact. This finding may have compelling clinical potential. First, the changes in the appearance of twinkling artifact generated by the maximal scanning section of the stones can be suitable for evaluating the growth or dissolution of the stones. On this basis, twinkling artifact might be helpful in the prediction of efficacy of medical treatment or extracorporeal shock wave lithotripsy. What must be considered is that the machine type and the parameters should remain constant in the follow-up. Second, as color artifacts could be easily seen in a gray-scale background and less influenced by the patient body habitus, 22 twinkling artifact might be used to improve the precision of ultrasound in sizing stones.
This in vitro study on artificial stones confirmed that all of the stone phantoms generated continuous and perceptible twinkling artifact. The surfaces of the artificial stones used in this study were homogeneous and relatively smooth. This might support the understanding that twinkling artifact is not limited by the surface roughness of the object being imaged. Because natural urinary stones are rougher than artificial ones, they would show more twinkling artifact. This indicates that twinkling artifact would be a reliable sign to enhance the stone detection in vivo.
Limited by the provision of the stone crystal powders, the stone phantoms that were prepared in this study did not cover all of the preponderant types of stones, such as COD and mixed stones. This warrants further study in future work. Despite the results being promising in vitro, the reproducibility of the results in vivo may not be easily incorporated into the clinical routine. This work needs to be pursued with a large number of in vivo clinical studies.
In conclusion, according to the results of this study, the appearance of twinkling artifact in association with urinary stones is highly dependent on stone composition and size. Stone composition and size are confirmed to be two important factors of twinkling artifact generated by urinary stones. Understanding of the factors that influence the appearance of twinkling artifact would allow the radiologists to better use it in the clinical practice.
